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Aviation safety is a very important aspect of the aviation industry. One of the most 
important methods for increasing aviation safety is the non-destructive testing method. 
The non-destructive testing method is considered to be the most effective method for 
checking defects, widely used in the aviation industry. X-ray induced Acoustic Computed 
Tomography (XACT) is a new novel imaging modality based on the X-ray induced 
acoustic effect. A short-pulsed of X-rays are required to achieve a thermal response and 
generate acoustic waves due to thermoelastic expansion. XACT takes advantage of X-ray 
absorption contrast with the ultrasonic spatial resolution for deep imaging. The goal of 
this work is to demonstrate the feasibility of XACT for defect detection in aircraft 
structures as a non-destructive testing method to overcome the limitations of most 
frequent techniques used non-destructive testing (NDT) methods are outlined in Chapter 
1.  
In this work, there are two main objectives to demonstrate the XACT technique are as 
follows, (1) introduce and proving the feasibility of XACT through simple models and 
(2) a full demonstration of XACT with three models from simple to complex structures. 
This work demonstrates that XACT has the potential to be implemented in-field NDT for 
aircraft maintenance and inspection due to its feasibility in detect defects with 
accessibility to a single side of the object.  
1 
 
Chapter 1: Introduction 
 
1.1 Background of Nondestructive Testing 
Non-destructive testing (NDT) methods are a technical discipline of inspection, quality 
diagnosis, and the integrity of structures by methods that do not harm the functionality of 
the test objects [1–6]. NDT is widely used in almost all industries, such as oil and gas, 
energy, shipbuilding, chemical, and food processing industries; especially in the aviation 
industry. Within the aviation industry, NDT is an indispensable tool for the maintenance 
and inspections of civil and military aircraft. NDT technologies can be used throughout 
the life of an aircraft, from determining the quality of aerospace materials to inspecting 
the performance and aircraft structures. Currently, non-destructive testing applications 
used on the airframe, structures, and landing gear account for about 80% inspection 
process [1,2,7]. 
NDT is also used to optimize the manufacturing processes of aircraft components. Early 
detection and removal of unsatisfactory components can optimize the manufacturing 
process [7–9]. In addition, timely detection of defects and damage in structures can help 
engineers devise remedial and repair options, avoiding possible aircraft disasters. 
1.2 Overview of NDT Methods 
NDT consists of many different methods and is divided into two groups accordingly to 
their ability in defect detection in aircraft inspections. For instance, Radiographic testing 
(RT) and ultrasonic testing (UT) methods are capable of detecting internal and surface 
defects. In contrast, visual testing (VT), liquid penetrant testing (PT), eddy-current testing 




near-surface defects detection. The basic principles, advantages, and limitations of 
common NDT methods in aviation are outlined below. 
1.2.1 Visual Testing – VT 
This method is often overlooked in the list of NDT methods, visual inspection is one of 
the most popular and most effective in the sense of non-destructive testing in aircraft 
maintenance. The method is used to detect surface defects or structural damage for all 
materials [1,10]. Using optical instruments can check for internal defects and voids of 
internal structures, landing gears, etc. For visual inspection, the surface of the test object 
should have sufficient brightness and visibility of the inspector. For the inspection to be 
effective, the inspector needs to understand all the knowledge about the object to be 
inspected [11,12]. 
1.2.2 Liquid Penetrant Inspection – LPI  
This is a method used to detect the discontinuities that unfold on the surface of materials 
of any industrial product made of non-porous materials of aircraft. The method is 
commonly used to test non-magnetic materials. In this method, a liquid penetrant is 
sprayed onto the surface of the product for a certain period so that the liquid penetrates 
the interior intermittently, and the residual absorbent is removed from the surface. The 
surface is then dried and covered with a developer substance. Absorbent substances that 
are contained in discontinuity and will be absorbed by the present substance to form an 





The penetrant used in this method is visible dye and fluorescent absorbent. The dye 
penetrant is visible when performed under normal white light, while the fluorescent 
absorbent test is done under black light in darkroom conditions [16–18]. 
1.2.3 Eddy-current Testing - ECT 
Eddy-current testing is a method used to detect defects on conductive materials, based on 
the effect of electromagnetic induction [20]. The principle of operation is when the 
alternating current (AC) flows through the coil, a changing magnetic field is created in 
the coil when the coil is placed near the conductor. The reciprocal magnetic field creates 
an eddy current in that conductor [21]. 
The eddy current in the conductor creates a pulsed magnetic field that opposes the original 
magnetic field. If there are any discontinuities on the conductor, it will affect the change 
of eddy current, as well as, change the magnetic field secondary coil that will record the 
change and generate a signal on the screen [21–24]. This method is very sensitive for 
detecting sub-surface cracks near the surface or corrosion of aircraft structures such as 
fasteners holes and bolt holes. 
1.2.4 Magnetic Particle Inspection - MPI 
Magnetic particle testing is one of the non-destructive testing methods (NDT) based on 
the principle of the magnetic field of the object to be tested and particles that react to 
electromagnetism [26]. This method can detect defects that open on the surface and 
immediately below the surface. Using an electromagnet to magnetize the object to be 
tested, then apply the magnetic powder to the surface of the object to be tested, the 
magnetic powder will rearrange according to the magnetic field lines in an orderly manner. 




It is a quick and effective test for detecting surface and subsurface defects in any shape. 
However, this method is only applicable to ferromagnetic materials and is widely used to 
test bolts, landing gear, gearboxes, shafts, etc. [22, 24–26]. 
1.2.5 Radiographic Testing – RT 
The method uses X-ray tubes or radioactive sources to emit gamma rays through the 
object to be examined [1]. When passing through the object, the radiation beam weakens, 
the attenuation depends on the density of the material and the thickness that it passes 
through. When traveling through areas with defects, the intensity of the beam will be 
reduced less than when passing through areas without defects. These are the 
electromagnetic spectrum with very short wavelengths and very high energy. Gamma 
rays are often used to detect the internal structures and engines of an aircraft that require 
higher energy levels and parts are difficult to access [9, 27–31]. 
1.2.6 Ultrasonic Testing – UT 
Ultrasound testing (UT) is one of the methods that can test metallic and non-metallic 
materials, high-frequency ultrasonic waves are transmitted into the test object. Ultrasonic 
testing is the most widely used method in the aviation industry to detect surface and 
subsurface defects of welds, forging, casting for undercarriage landing gear, engines, etc. 
Generally, this method is used with lots of different aircraft structures with very few 
limitations of materials [1,2,32]. 
Most ultrasonic testing methods are performed in a range of frequency 0.2 - 800 MHz. 
Ultrasonic waves propagate through the material and are accompanied by an attenuation 
by the properties of the material. The reflected sound waves are detected and analyzed in 




state of the properties of the material and is partially reflected at the interface between 
metal - liquid or metal – solid [34–38].  
1.2.7 Real-Time NDT: Structural Health Monitoring 
In the last decade, the advancements of sensors and data analysis technologies have led 
to continuous on-board monitoring and real-time NDT of an engineering structure during 
operation, which is often referred to as Structural Health Monitoring (SHM) [39–41]. 
Integrated sensor systems including ultrasonic and thermographic equipment have been 
adopted for SHM applications [42–44]. In particular, acoustic and ultrasonic based SHM 
technologies are able to provide reliable detection of potential damage, allowing 
identification of damage locations and estimation of remaining useful lives of certain 
structures under given load conditions [45–48]. Furthermore, the most recent SHM 
technologies have allowed real-time structural health condition awareness under dynamic 
load conditions, such as fatigue and impact for various levels of structural scales including 
parts, components, and systems [49,50].  Potential environmental effects can also be 
considered during SHM analysis.  
1.3 Summary of Advantages and Disadvantages of NDT Methods 
The methods mentioned above have been beneficial in the non-destructive testing field, 
but some disadvantages need to be discussed. For instance, ultrasonic testing (UT) and 
methods for aircraft surface defects detection do not require access to both sides of the 
object compared to radiographic imaging methods. Yet, image reconstruction in RT 
offers high resolution with appropriate penetration depth. However, the disadvantage of 
RT is that the structural layers will overlap and may cause inaccuracies in locating defects. 




is always a trade-off between depth of penetration and image resolution. However, the 
advantage of using surface defect detection techniques is that they only require access to 
one side of the object. Meanwhile, there is currently no method that can provide high 
resolution and increase depth detection with only accessibility of one side of the object 








2.1.1 Radiation-induced Acoustic Wave 
Photoacoustic effect is a long-standing scientific discovery and was first observed by 
Alexander Graham Bell in 1880 using the sun as a source and human ears as sound signal 
detectors [51]. In the 1970s, with the advent of modern electronic devices, there was a 
renewed interest in this scientific technique. In 1983, a first experimental study of X-rays 
generated by synchrotrons was conducted. The researchers expect that intense X-rays are 
heat sources that can generate ultrasonic waves similarly to other heat sources. Here, 
photons have extremely short wavelengths that can penetrate through the object and 
generate ultrasonic waves. This research creates a new direction for objects where the 
laser cannot penetrate through some materials. Ultrasonic waves generated from X-rays 
are expected to give information about the internal properties of structures [52].  
In 1991, the study was conducted to observe the sound waves generated from the edges 
of therapeutic X-rays with water absorbers and transducer, Bowen et al. [53]. The results 
obtained from the study demonstrate that acoustic signals can be generated from the edges 
of the X-ray beam in a medium of water. This application can accurately determine the 
position of the X-ray beam when delivering out to the important tissues that need to be 
treated, which can decrease the radiation dose. The study extends the application to 




2.2 X-ray-induced Acoustic Computed Tomography (XACT) and Its Applications 
2.2.1 Principle of XACT 
The phenomenon of acoustic signals generated from X-ray was discovered in 1983, but 
until 2013, the first theoretical and experiments on XACT were proposed by Xiang et al. 
[41–44]. Since then, X-ray-induced computed tomography (XACT) has been 
implemented in various applications such as medical imaging, radiotherapy monitoring, 
and non-destructive testing of concrete infrastructure [45–48].  
The principle of XACT is understood through the induction of the x-ray acoustic effect 
where x-rays are absorbed from the from inner-shell electrons during their excited state 
and therefore induce photoelectrons. The resulting atom then decays from one of two 
resulting processes; electromagnetic radiation or the Auger process. During these two 
processes, the kinetic energy that derives from the Auger electrons and photoelectron. 
This transfer in energy creates a thermal equilibrium from the increased number of 
collisions. Moreover, this transfer of energy from the atoms in thermal equilibrium to the 
atoms in the solid adheres to electron-phonon interactions [40, 49–51]. In turn, these 
interactions increase the thermal energy in the lattice itself. The x-ray acoustic generation 












𝐻(𝒓, 𝑡) (2.1) 
Here, 𝑝(𝒓, 𝑡) and 𝐻(𝒓, 𝑡) denotes the acoustic pressure and heat source at position 𝒓 and 
time 𝑡 , respectively. 𝛽  denotes the volumetric coefficient of thermal expansion, 𝑣𝑠 
denotes the speed of sound, and 𝐶𝑝 denotes the specific heat capacity. 
To generate a strong XA signal effectively, the two conditions are thermal confinement 




x-ray pulse is much shorter than the confinement time when the heat conduction is 
negligible during the excitation of the x-ray pulse. The condition can be expressed as 
[52,53]: 





Here, 𝑑𝑐  denotes the spatial resolution and 𝐷𝑇  denotes the thermal diffusivity of the 
object. 
Stress confinement occurs when the x-ray pulse width is much shorter than the 
confinement time, where the pressure in an object needs to build up rapidly. The condition 
can be expressed as [52,53]: 




Here,  𝑣𝑠 denotes the speed of sound. 
2.2.2 Biomedical Application 
Since the XACT image was proposed and shown, XACT has been studied in various 
biomedical applications through many research groups around the world. The two 
applications in biomedical research that are most focused by researchers are therapeutic 
monitoring and diagnostic imaging. XACT's biomedical applications are tested with a 
variety of materials including lead, the chicken bone in the medium of water. 
In diagnostic imaging, an experiment with the OU logo phantom aims to promote XACT 
technology/technique towards clinical practice [67]. To achieve that, an XACT system 
needs to be developed with the ability to provide images at a rapid rate with high 
resolution. Figure 2.1 illustrates the detail of an XACT system for the experiments. For 




center frequency of 5 MHz to achieve images with a spatial resolution of 138 𝜇𝑚. To 
receive the XA signal and store the XA signal effectively, a parallel data acquisition with 
a 128-channel pre-amplifier and 128-channel data acquisition module is used [67]. 
 
Figure 2.1. Schematic diagram of the XACT system for the OU logo phantom with an 
ultrasound transducer ring-array [67]. 
 
X-ray source features an ultra-short X-ray source with a pulse width of 60 ns, an exposure 
of 2.6 to 4.0 mR per pulse, and a pulse rate of 25 Hz. The OU logo is approximately 23 
mm x 15 mm [67]. To reconstruct an XACT image, an average of 3800 times of XA data 
was collected, in Figure 2.2 results indicated the area of 30 mm x 30 mm. The results 
demonstrate that the imaging device and methodology provided the desired results, but 
there is an issue that needs to be discussed, and that is acoustic SNR is lower due to the 





Figure 2.2. Reconstructed XACT image of the lead OU logo with the lead size of 150 𝜇 
[67]. 
For therapeutic monitoring, XACT imaging has been used in radiation oncology. 
Radiation therapy is one of the most common methods for treating cancer [68]. This 
method uses high-energy particles or waves such as X-rays, Gamma rays, electron beams, 
or protons to demolish and limit the growth of cancer cells. In radiotherapy, measurement 
of radiation dose should be done very carefully, errors in the calculation will likely cause 
serious injury and possibly death. Therefore, the demand for research in this field is 
increasing, the new method needs to be accurate, and the ability for real-time in vivo 
dosimetry [55,56]. An experiment was performed by irradiating a water tank with clinical 
radiation therapy using a LINAC to demonstrate the feasibility of XACT as a dosimetry 
tool [46,47]. Linac operates with pulse frequency at 120 Hz and provides 1.11 mGy each 
pulse at 2.4 cm to achieve maximum dose at depth. To detecting sound waves, a circular 
ultrasound probe with a center frequency of 0.5 MHz and 64% bandwidth [58]. The 




has intensity related to the amount of radiation in an object with various sizes and shapes 
[58]. Additionally, proven that XACT has the potential in vivo dosimetry applications. 
2.2.3 Non-destructive Testing for Concrete Infrastructure 
The discussion of the basic principle of non-destructive testing along with the most 
common methods with the advantages and disadvantages are outlined in Chapter 1. In 
addition to biomedical applications, the XACT method is also extended to the non-
destructive testing for concrete infrastructure [61]. A simulation study was conducted to 
demonstrate the feasibility of XACT in defects detection with three concrete samples of 
different sizes and shapes of defects. In addition, the XACT method only requires sing 
side accessibility of the object Figure 2.3, compared to the certain methods currently 
being applied to concrete, requiring both sides accessibility of the object. In the 
simulation study, XACT is used on small to large scale concrete. For a small-scale 
concrete application, the sub pavement model with the size of 30 by 30 cm was used, two 
defects with different sizes were placed 15 cm deep and 20 cm deep. As expected, Figure 
2.4 defects can be easily detected through a reconstructed XACT image. A demonstration 
of XACT on a large scale of a 1m diameter bridge was performed. In Figure 2.5, 
reconstructed XACT image with a defect begun to display at the 0.45 m deep due to the 
blurred edges of the defect [61]. The results obtained from simulation studies using 






Figure 2.3. A schematic diagram of the proposal of XACT system for concrete 
infrastructure [61].  
 
 





Figure 2.5. A reconstructed XACT image of a 1 m diameter concrete with a defect at 
0.45 m deep [61]. 
 
2.3 Thesis motivation, objectives, and outline 
The goal of this work is to demonstrate the feasibility of using XACT as a non-destructive 
testing method and to identify defects in aircraft structure to overcome the limitations of 
the current method discussed in Chapter 1. Hence, XACT imaging provides a high 
resolution from the X-ray absorption contrast and ultrasonic spatial resolution to increase 
the detection depth with the accessibility of a single side of the object. The two main 
objectives of this thesis are as follows, (1) introduce and proving the feasibility of XACT 
imaging in defect detection and (2) continue the demonstration with practical models and 
applicable parameters with multiple aircraft structures. 
In the current aircraft’s fuselage inspection, there are many tasks listed in the FAA class 




components in a systematic order. This includes sectioned portions of the fuselage along 
with the individual assembly components such as pressurized lines, as well as, conduits. 
The cockpit undergoes a similar inspection with a visual inspection of the throttle 
assembly and likewise, measurement instruments. Finally, the planes' exterior integrity is 
examined through a thorough removal of the wear-resistant paint to examine the external 
portion of the fuselage, as well as, rivets and other assembly parts. The maintenance of 
commercial aircraft will take place every 6 years and extremely thoroughly. The process 
can take a few months to complete and cost up to millions of US dollars. Therefore, the 
new method needs to have the potential to reduce time, cost, and generally improve the 
quality of testing for aircraft’s fuselage [70].  
In aircraft components, the landing gear is an important system during takeoff and landing. 
Landing gear plays a very important role and some of the common causes of failures are 
related to improper repair or maintenance. Similarly, to fuselage testing, various 
processes needs to be completed to achieve an effective test. However, cracks and 
corrosion in parts of the landing gear are difficult to detect due to the grease depositing 
on the surface. The areas inside the axes very susceptible to corrosion due to the water 
can get clogged, especially difficult to detect due to inaccessibility [58,59]. Therefore, 
NDT methods are usually performed, although often time it is impossible to verify 
whether there are defects or not.  
To the best of our knowledge, this is the first research study to demonstrate the feasibility 
of XACT in defects detection capability in various aircraft structures. Chapter 3 of this 
thesis outlines the method and materials used for the simulation study in this work, while 




Chapter 3: X-ray-induced Acoustic Computed Tomography for 
Aircraft Structures 
 
3.1 Theory  
3.1.1 Generation and propagation of acoustic pressure waves 
Thermal expansion takes place as the temperature rises and creates acoustic waves due to 
vibrations of an atom and thus, will propagate in all directions. The acoustics waves will 
then be collected by the ultrasound transducer and reconstruct a 3-dimensional XACT 
image with a single projection, depending on the ultrasonic transducers. Figure 3.1 
illustrates the proposal of the XACT inspection system for aviation structures. In x-ray 
scanning, the absorption of photons is reliant on the density of the materials whereas high-
density materials will absorb photons more efficiently than that of low-density materials 
[73]. The X-ray induced acoustic initial pressure rises 𝑝0 in the object can be expressed 
as [48,50], 
𝑝0 = Γ𝜂𝑡ℎ𝜇𝐹 (3.1) 
Here, Γ is the dimensionless Grüneisen parameter, 𝜂𝑡ℎ represents the percentage of the 
energy absorbed in the object that is converted into heat and 𝜇 is the linear attenuation 
coefficient.  













The fraction of an X-rays beam that is absorbed per unit thickness of the object is 
defined as [63], 
𝜇 = 𝜇𝑎𝜌 (3.3) 
Here, 𝜇𝑎 denotes the X-ray mass attenuation absorption coefficient and 𝜌 denotes the 
density of the material.  𝐹 is the fluence, the intensity of the X-ray as it travels further 
away from the X-ray source at a given position is defined as [61], 
𝐹 =
𝑛 . 𝐸 . 𝐶
𝐴
𝑒−𝜇𝑥 (3.4) 
Here, 𝑛 is the number of X-ray photons per pulse of 109, 𝐸 is the X-ray energy, 𝐶 is the 
charge of an electron of  1.6 × 10−19 𝐽/𝑒𝑉, and 𝐴 are the areas of the X-ray beam and 𝑥 
is the thickness of the object. 
 
Figure 3.1. A schematic diagram of the XACT inspection system for aviation structures, 




3.1.2 Image reconstruction 
In XACT imaging, there are three common techniques for image reconstruction: the fast 
Fourier transform algorithm, filtered back projection, and time reversal reconstruction. 
The combination of ultrasound detectors and algorithms is critical for a successful 
operation of reconstructing XACT image.  
Time reversal algorithms are commonly used in a variety of applications, especially in 
PAI when the physical properties of the wave propagation remain unchanged when time 
is reversed and its flexibility. Time reversal technique based on the reciprocity equation 
[61–63]. In this work, reconstruction of the image was performed using a time-reversal 
algorithm for each of the models by using the MATLAB k-Wave toolbox [64,65].  
3.2 Proof of XACT concept for aircraft stringer 
A two-dimensional model was created in SolidWorks, with the length and width of the 
base plate is 10 inches, the thickness is 0.78 (39/50) inches and the distance between each 
of the stiffeners is 3.5 inches Figure 3.2. The initial pressure signal rise was calculated 
using the material properties listed in Table 1. for each of the simulations outlined in 3.1.1.  






Speed of Sound (𝒎/𝒔) 6320 5820 1498 
Density (𝒌𝒈/𝒎𝟑) 2800 8440 1000 
Grüneisen parameters 1.34 1.9 0.12 
Center Frequency (𝑴𝑯𝒛) 5 





3.2.1 Simulation Setup and Results  
The purpose of this study is to prove the feasibility of XACT in defect detection for 
metallic materials, therefore, we will use a circular array transducer with a total of 256 
circular ultrasound detector elements equally spaced around of airplane’s stiffener as 
shown in Figure 3.2. For our simulation study, four simulation models are developed 
using a two-dimensional image of an aircraft stiffener as an input image. The simulation 
setup for the studies performed is slightly different due to the defect shapes, size, and the 
properties of materials. In our simulation study, it is important to add frequency, as well 
as, to add noise to make the study as practical as possible. Therefore, the frequency of 5 
MHz is added to the center ultrasound transducer with a bandwidth of 75%. In 
reconstructing the image, the value of the signal to noise ratio (SNR) of 40 dB is added 
to the recorded sensor data. The values of the X-ray mass attenuation coefficient are based 
on given energy, we choose the calculated values that will give the best imaging depth 





Figure 3.2. Illustrates the simulation setup with an aircraft’s stiffener for all the for 
objective 1. 
 
A demonstration to show the ability of XACT in the detection of voids caused during the 
fabrication process in Aluminum 6065, we created eight voids with sizes ranging from 
0.5 mm to 3 mm arbitrary propagated in the base plate. The energy and the X-ray mass 
attenuation coefficient with the values of 50 KeV, 1.84 ×  10 − 1 𝑐𝑚2/𝑔, and 4.22 ×
 10 − 2 𝑐𝑚2/𝑔  for Aluminum 6065 and defect, respectively. The properties of water are 





Figure 3.3. Simulation study for Aluminum 6065 with voids using XACT. (a) shows the 
initial pressure rise with the X-ray acoustic pressure generated throughout the entire plate. 
(b) shows the XACT reconstructed image zoomed in to the region with embedded voids. 
 
A demonstration to show the ability of XACT in defect detection with a different shape 
due to impact damage in Aluminum 6065. A notch with a triangle shape on the surface 
of the aircraft’s stiffener, with a base of 0.15 cm, and height is 0.17 cm in Figure 3.4. 
 
Figure 3.4. Simulation study for Aluminum 6065 with a notch using XACT. (a) shows 
the initial pressure rise with the X-ray acoustic pressure generated throughout the entire 
plate. (b) shows the XACT reconstructed image zoomed in at the interest region. 
 
In XACT, due to the pressure is proportional to X-ray absorption and the dense materials 
tend to absorb more photons. The material is selected for these simulations is Inconel 625 




one of the materials mostly used for aircraft engines due to its resistance to high 
temperatures. We created a notch with a triangle shape on the surface of the aircraft’s 
stiffener with a base of 0.15 cm, and height is 0.17 cm in Figure 3.5. Similarly, a 
demonstration with a defect of the shape of a triangle shown in Figure 3.6. The energy 
and the X-ray mass attenuation coefficient have the values of 50 KeV, 2.08 𝑐𝑚2/𝑔, and 
2.97 × 10−2𝑐𝑚2/𝑔  for Inconel 625 and defect, respectively. As you can see, the 
reconstructed image for Inconel 625 is slightly more visually obscured as compared to 
Aluminum 6065, the issue can be improved by increasing the energy of the X-ray sources. 
 
Figure 3.5. Simulation study for Inconel 625 with voids using XACT. (a) shows the 
initial pressure rise with the X-ray acoustic pressure generated throughout the entire plate. 






Figure 3.6. Simulation study for Inconel 625 with a notch using XACT. (a) shows the 
initial pressure rise with the X-ray acoustic pressure generated throughout the entire plate. 
(b) shows the XACT reconstructed image zoomed in to the region of interest.  
 
3.3 A full demonstration of XACT imaging for aircraft structures 
Since the results outlined in section 3.2.1 demonstrate the ability of XACT in defects 
detection, circular arrays transducer is not ideal for large-scale aircraft structures. The 
study for objective 2 will use the appropriate ultrasound frequencies, X-rays energies, and 
parameters used for each of the models.  
3.3.1 Determination of Simulation Models 
Three different models are created using SolidWorks and CAD software featuring of (1) 
a model of a skin-stiffener of aircraft fuselage  Figure 3.7, (2) a model of a cylinder of 
landing gear with a diameter of 38.1 cm Figure 3.8, and (3) a  model of aircraft panels 
with two different metallic materials secured by a rivet Figure 3.9. Models are designed 
to demonstrate the ability of XACT capability in defects detections with one-sided access 
from small scale to larger-scale complex aircraft structures. The initial X-ray induced 
acoustic (XA) was calculated using the thermal acoustic parameters of materials listed in 




Table 2. Thermal acoustic parameters for Aluminum, Copper, Titanium, Zinc, and 
Defect 
Parameters Aluminum Zinc Titanium Defect 
Thermal Expansion 
(𝟏𝟎−𝟔𝑲−𝟏) 
69 89.3 26 207 
Speed of Sound 
(𝒎/𝒔) 
6420 4210 6070 1498 
Heat Capacity 
(𝑱/𝒌𝒈 ∙ 𝑲) 
921.096 376.14496 544.284 4179.6 
Density 
(𝒌𝒈/𝒎𝟑) 
2712 7480 4500 1000 
 
 
Figure 3.7. A model of aircraft fuselage shows a zoomed view of a single skin stiffener, 





Figure 3.8. A model of aircraft landing gear with point out of a landing gear’s cylinder. 
 
 
Figure 3.9. A model of aircraft panels with rivets used for fastening or joining alloys in 
aircraft construction or repair, a zoomed view with a size of 30 mm wide and thickness 





3.3.2 Determination for X-ray energy and ultrasound frequency 
To demonstrate the XACT technique effectively, several factors such as the excitation 
pulse length, frequency, and transducer bandwidth need to be determined accordingly 
[66,67]. The level of ultrasonic attenuation is different due to the different ultrasonic 
absorption coefficient for each component of the object. In addition, the attenuation of 
ultrasound depends on the temperature of the object and the frequency of the ultrasonic 
beam. The higher the frequency then the faster the level of the attenuation, the depth of 
penetration will be less. In order to improve the penetration depth, it is necessary to reduce 
the frequency of the source or increase the energy of the ultrasound beam. In image 
methods, the trade-off between penetration depth and image resolution always exists. 
However, the ultrasonic intensity at certain penetration depths can be calculated by [81]: 
𝑝 =  𝑝0 ∙ 𝛼 ∙ 𝑓 ∙ 𝑧 (3.4) 
Here, 𝑓 is the ultrasound center frequency of the ultrasound decreases by 10% of the 
original intensity, 𝑧  is the penetration depth, and 𝛼 (𝑑𝐵/𝑚/𝑀𝐻𝑧)  is the acoustic 
attenuation coefficient for aluminum, titanium and stainless steel with the values of 3.1, 
14.5 and 9.9, respectively [69–71]. 





Here, Δ𝑥  is the spatial resolution, 𝑣𝑠  is the speed of sound, and 𝑓  is the maximum 
frequency. 
X-ray energy at certain penetration depths can be calculated by the following: 





Here, 𝐸1 denotes the X-ray energy decreases by 10% of the original energy 𝐸. A graph 
showing penetration depths as a function of ultrasonic frequency and X-ray energy for 
materials are displayed. As seen in Figure 3.10, 20 KeV X-rays and 1 MHz ultrasound 
can penetrate approximately 27 mm to 32 mm in Aluminum. Meanwhile, in Figure 3.11, 
100 KeV X-rays and 20 kHz ultrasound can penetrate approximately 344 mm to 390 mm 
in Titanium. In Figure 3.12, 30 KeV X-rays and 2.5 MHz ultrasound can penetrate to 4 
mm in Stainless Steel. 
 
Figure 3.10. Penetration depth as a function of ultrasound frequency (orange) and 






Figure 3.11. Penetration depth as a function of ultrasound frequency (orange) and 




Figure 3.12. Penetration depth as a function of ultrasound frequency (orange) and 






3.3.3 Simulations Setup and Results 
Model 1: An aircraft structural panel of the skin-stiffener  
To demonstrate the feasibility of the XACT technique in detecting cracks on the surface 
of the internal fuselage skin and skin-stiffener. A model of a single aircraft skin-stiffener 
was used in this simulation in Figure 3.7. In aircraft construction, stiffeners are used to 
support the skin carrying the load and to prevent bending under compression or shear 
loads. The stiffeners are fastened to the frames of the fuselage in the longitudinal direction 
of the aircraft, as seen in Figure 3.7 [72,73]. A triangle was created to represent the shape 
of a notch with a base of 100 𝜇𝑚 and a height of 2 mm. Figure 3.13 illustrates the layout 
for the simulation, using linear X-ray arrays with a width of 10 cm and a beam thickness 
of 3 cm. In this model, a linear array ultrasound detector with 128 elements is evenly 
spaced on the surface of an aircraft fuselage. To collect XA signals, the center frequency 
of the 1 MHz ultrasonic detectors and 100% bandwidth were used in this model. 
 
Figure 3.13. The model for defect detection with the linear X-ray source in green and 
ultrasound detectors in red is placed on the aircraft fuselage skin. The defect is created 





Figure 3.14. Defect detection and localization on the skin-stiffener using XACT (a) 
Initial XA pressure rise in the model with a zoomed view of the defect in the red square 
(b) Reconstructed XACT images with a zoomed view of the defect.  
 
In Figure 3.14(a) shows an increase in the initial pressure XA with the energy used is 20 
KeV. XA signals are collected by ultrasound detectors and are used to reconstruct XACT 
images in Figure 3.14(b). XACT can locate the position of the defect without accessing 
both sides of the large object, such as the entire aircraft fuselage. The location and shape 
of the defect match well with Figure 3.14(a). Although a defect is placed on the fuselage 
skin with a thickness of 5 mm, the X-ray energy of 20 KeV and ultrasound frequency of 






Model 2: Landing gear of aircraft  
As stated above, non-destructive testing should be used at every stage of monitoring the 
manufacturing process, as well as, selection process and evaluation process. The landing 
gear is often referred to as the undercarriage and is a structure that is under great pressure 
during takeoff and landing [59,74]. To demonstrate the feasibility of the XACT internal 
defects detection capability, a simulation was performed using a 15-inch diameter landing 
gear cylinder. Figure 3.8 shows the model of landing gear where the cylinder is 
constructed from titanium. Defects ranging in size from 500 𝜇𝑚 to 1000 𝜇𝑚 are scattered 
in many locations at the center of a cylinder of the landing gear. Figure 3.15 illustrates 
the setup for the simulation, showing the embedded defects. To detect defects scattered 
inside the landing gear cylinder, X-ray energy and ultrasound frequencies need to 
penetrate 38.1 cm deep. 
 
Figure 3.15. The model of simulation setup for the cylinder of the aircraft landing gear. 





In this simulation, an effective X-ray energy and ultrasound detectors of 100 KeV and 20 
kHz can penetrate approximately 344 to 390 mm deep, respectively. Figure 3.16(a) shows 
the increase of the initial XA pressure with a linear X-ray beam with a width of 15 cm. A 
circular array of the transducer has a total of 256 elements that are equally spaced around 
the cylinder of the landing gear. To ensure a 381 mm imaging depth, the ultrasonic 
transducer has a center frequency of 20 kHz and 100% bandwidth. 
 
Figure 3.16. Defect detection and localization in the cylinder of landing gear using 
XACT (a) Initial XA pressure rise in the model with the red arrows indicate locations of 
defects and (b) reconstructed XACT image. A zoomed view of the defects in the red 
dashed rectangular. 
 
Figure 3.16(b) shows a reconstructed XACT image from the collected XA waves. The X-
ray intensity decays exponentially of penetration in this model due to the XA pressure is 
proportional to the X-ray fluence. However, the defects arranged within 381 mm deep are 
still visible. Due to the limited bandwidth, the defects often have slightly blurred edges. 
Which in turn, makes the location of the defects appear slightly off compared to initial 
defects placement. We observed that an artifact occurred from a circular array transducer. 
An artifact is a defect in the imaging process that causes obscurities in the reconstructed 




with a magnetic field. To remove the artifacts in images, the easiest and efficient approach 
through the process of elimination. A simulation without an object using the same 
parameter and the same setting, then using second reconstructed XACT images with a 
value of 0.6 subtracted the first reconstructed XACT images to remove the artifact.   
Model 3: Aircraft Fuselage Panels with Rivet  
To demonstrate the XACT defect detection capability within multi-layer metal structures, 
as well as, complex defects shapes. A model with intergranular corrosion was used in this 
simulation in Figure 3.9. Intergranular corrosion is the form of corrosion at the boundaries 
of the crystalline particles of a material to be more corrosive than their interior. This type 
of corrosion is very difficult to detect, and it will significantly weaken the adhesion force 
between metal plates and can severely compromise the safety of the aircraft structure [75–
77]. In aircraft construction, pure metals are often unsuitable for use with rivet joints 
because aluminum materials often do not tolerate heat. Therefore, aluminum and stainless 
steel materials will be used in this demonstration due to their susceptibility to 
intergranular corrosion [91]. The model has two Aluminum base plates with 25.4 mm by 







Figure 3.17. The model for the single aircraft fuselage panels with rivet with a dimension 
of 15 mm by 4 mm for the simulation is displayed. Red dots indicate the linear ultrasound 
array. 
 
Figure 3.17 illustrates the setup for the simulation. In this model, to ensure penetration 
through multilayer materials with different densities, an ultrasound transducer with a 
center frequency of 2.5 MHz and 100% bandwidth was used to collect XA waves. A 
linear X-ray with an effective energy of 40 KeV is used to generate the XA waves. Figure 
3.18(a) shows an increase in pressure from internal defects within the structure with the 
energy of 40 KeV. In this model, a linear array transducer is used to reconstruct the image 
with a center frequency of 2.5 MHz at 100% bandwidth. Figure 3.18(b) shows a 
reconstructed XACT image with strong intensity at defects. In this model, selected X-ray 
energy and ultrasound frequency can penetrate to 9 mm deep. A total of 150 ultrasound 
detectors are equally spaced on the surface of the model and the ultrasound array was 





Figure 3.18. Intergranular corrosion detection and localization in Aluminum panels using 
XACT. (a) Initial XA pressure rise in the model. (b) a reconstructed XACT image of the 





Chapter 4: Discussion and Future Works 
 
4.1 Discussion  
Since the XA signal is directly proportional to the X-ray energy absorption coefficient of 
the penetration of the object. XACT technique can offer high imaging contrast and spatial 
resolution at a particular depth while maintaining the sensitivity to detect defects with a 
single side projection. In the first part demonstration of XACT concept, we detect the 
weaker XA signals, but the signals in experiments will be much stronger as we can 
increase the energy of the X-ray source.  
In NDT imaging methods including the XACT technique, there is a trade-off between 
spatial resolution and penetration depth. However, the XACT technique takes advantage 
of the high absorption contrast from the X-ray and the spatial resolution with increasing 
depth compared to conventional ultrasound, as XA waves only travel in half the distance. 
In addition, XACT imaging is capable to detect defects in large scale structures such as 
aircrafts models in Figures 3.7 to 3.9, avoid two-sided accessibility of the object 
compared to conventional X-ray methods. These advantages make the XACT technique 
ideal in the NDT industry for various applications.  
In these simulation studies, we observed that the acoustic impedance of metallic materials 
can make it fairly challenging to reconstruct XACT images. In heterogeneous aircraft 
structures, when the ultrasonic beam is transmitted to the mediums with different acoustic 
impedance, the reflection coefficient is the result of the acoustic impedance mismatch. 
The acoustic impedance mismatch occurs when sound propagates through materials with 




in which it travels. Figure 3.18 we were able to demonstrate the XACT detection 
capability for three different materials through 2D simulation.  
4.2 Future Works 
Firstly, XACT is capable to reconstruct 3D images with a single side projection along 
with a planar array transducer. A 3D simulation study needs to be performed to truly 
demonstrate the XACT defect detection capability since XA waves propagate in all 
directions. However, many factors need to be carefully considered due to the acoustic 
impedance mismatch and sudden changes in variables that can cause poor XACT images. 
The difference in the density and speed of sound of a medium can create instability and 
crash in 3D simulations. However, the sudden changes in variables can be fixed by 
applying a smooth filter numerous times to stabilize the simulation.  
Second, the results obtained from the simulation studies show the promising potential of 
the XACT technique to be implemented as an NDT system for aviation maintenance and 
inspections. However, to develop XACT images into a formal system, various 
experiments need to be done to be verified with theoretical results. 
Last, we observed that an artifact occurred whenever a circular array transducer is used, 
while the steps used to remove artifacts. However, an algorithm or technique needs to be 
developed to remove artifacts more efficiently. 
4.3 Conclusion 
This work demonstrates the feasibility of using the new imaging modality of XACT as a 
method for non-destructive testing in the aviation industry and possibly to other various 




with calculated parameters. This research will likely provide the basis for future research 
involving the use of XACT as defects detection within metallic structures. 
In summary, early defect detection is critical to the safety of each flight and in various 
transportation systems. Currently, the XACT technique is primarily used in research 
laboratories, but it has the potential to be implemented in-field NDT. It is hoped that 
XACT technology will be adopted as a non-destructive method to improve aircraft 
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